Hypothesis/Introduction: Angiotensin II (Ang II) has been shown to control erythropoietin (EPO) synthesis as Ang II type 1 receptor (AT1R) blockers block Ang-II-induced EPO oversecretion. To further explore the involvement of AT1R in processes controlling EPO levels, plasma EPO and mononuclear cell NADPH oxidase 4 (NOX4) -a NOX family member involved in oxygen sensing, which is a process central to controlling EPO levels -were assessed in Bartter's/Gitelman's syndrome (BS/GS) patients, a human model of endogenous AT1R antagonism and healthy subjects. Heme oxygenase (HO)-1, antioxidant and anti-inflammatory factor related to NOX4 activation, and the relationship of EPO and NOX4 to HO-1 were also assessed. Materials and Methods: EPO was measured by chemiluminescent immunoassay, HO-1 by sandwich immunoassay and NOX4 protein expression by Western blot. Results: EPO was increased in BS/GS patients compared to healthy subjects (7.64 ± 2.47 vs. 5.23 ± 1.07 U/l; p = 0.025), whereas NOX4 did not differ between BS/GS and healthy subjects (1.76 ± 0.61 vs. 1.65 ± 0.54 densitometric units; p = n.s.), and HO-1 was increased in BS/GS patients compared to healthy subjects (9.58 ± 3.07 vs. 5.49 ± 1.04 ng/ml; p = 0.003). NOX4 positively correlated with HO-1 only in BS/GS patients; no correlation was found between EPO and either NOX4 or HO-1 in those two groups. Conclusions: The effect of the renin-angiotensin system on EPO cannot be solely mediated by Ang II via AT1R signaling, but rather, EPO levels are also determined by a complex interrelated set of signals that involve AT2R, nitric oxide levels, NOX4 and HO-1 activity.
Introduction
Angiotensin II (Ang II), the principal effector of the renin-angiotensin system (RAS), signals via two main receptor subtypes, the widely expressed type 1 receptors (AT1R) that mediate vasoconstriction, sympathetic nervous system activation and cardiovascular remodeling, and via type 2 receptors (AT2R) that counteract AT1R signaling by being involved in vasodilation, apoptosis and antiproliferative effects [1] . RAS has become increasingly recognized for playing an important role in hematopoiesis-related processes, as erythropoietin (EPO) secretion has been linked to Ang II via AT1R. The Ang-II-AT1R-EPO pathway was proposed by Vlahakos et al. [2] based in large measure on the inhibitory effects of losartan, an AT1R blocker, on EPO levels [3] [4] [5] [6] [7] .
In an extensive series of studies on Bartter's/Gitelman's syndrome (BS/GS) patients, we have documented that these patients are a human model of endogenous AT1R antagonism [8] [9] [10] . BS/GS patients, notwithstanding their increased Ang II level, have, in fact, a blunted short-and long-term Ang II signaling via AT1R [8, 10] , alongside an activation of Ang II signaling via AT2R [10, 11] , a lack of cardiovascular remodeling [12, 13] , an upregulation of the nitric oxide (NO) system [8, 10] and an increased NO-mediated vasodilation [8, 10] . Given the proposed AT1R-EPO connection, we thought it would be of interest to examine the level of EPO in these unique patients, thus providing a test for the role of AT1R in the EPO system. In addition, BS/GS patients have reduced oxidative stress [10, 13] and an increased expression of heme oxygenase (HO)-1 [10, 14] , which protects against oxidative stress and has antiinflammatory effects [15] , and the role of reactive oxidant species (ROS) in physiological pathways such as RAS has become increasingly important [1] . A significant source of cellular ROS is NADPH oxidase 4 (NOX4), a member of the NOX family that is highly expressed in cardiovascular tissues and produces a unique spectrum of ROS products [16, 17] . Given that NOX4 is involved in oxygen sensing, a process central to controlling EPO levels, along with cellular proliferation, fibrosis and angiogenesis [16, 17] , and that HO-1 is an effector of NOX4 activity [18] , we thought it would also be of interest to examine the level of NOX4 in these unique patients.
The current study reports plasma levels of EPO as well as mononuclear cell levels of NOX4 in BS/GS patients, comparing them to the levels in healthy subjects. It also reports HO-1 levels in the two groups considered and examines the relationship between EPO and NOX4 and other related effectors such as HO-1.
Patients and Methods

Patients
We tested 11 patients from our cohort of BS/GS patients (1 BS and 10 GS), including 6 men and 5 women, with an age range of 27-58 years; the same patients have been enrolled in a recently published study [14] strictly related to the present study. A full biochemical characterization of all patients was obtained ( table 1 ) , with 10 GS patients having undergone full genetic analysis and 1 BS patient awaiting the results of the genetic screenings ( table 2 ). The patients' blood pressure ranged from 100/65 to 120/70 mm Hg.
A total of 10 normotensive healthy individuals (6 males and 4 females, aged 46.2 ± 10.5 years) from the staff of the Department of Medicine, University of Padova, Padova, Italy, were used as the control group. Their blood pressure ranged from 122/82 to 134/85 mm Hg.
BS/GS patients were only taking potassium and magnesium supplements, and all patients abstained from food, alcohol and caffeine-containing drinks for at least 12 h before the study. Informed consent was obtained from all the study participants, and the study protocol was approved by our institutional authorities. 
Methods
Plasma EPO Determination
The plasma level of EPO was measured by Access Immunoassay Systems, with Unicel DXI 800 (Beckman Coulter), a chemiluminescent immunoassay with paramagnetic particles for the quantitative determination of the level of EPO in human serum and plasma. The range of sensitivity was 2.6-18.5 U/l. The intra-assay coefficient of variation was up to 4.6%, and the interassay coefficient of variation was 6%.
Mononuclear Cell NOX4 Protein Expression Peripheral blood mononuclear cells were isolated by Ficoll-Paque PLUS gradient (GE Healthcare, Uppsala, Sweden) from 35 ml of EDTA anticoagulated blood. Mononuclear cell NOX4 protein expression was performed using Western blot analysis. Total protein extracts were obtained by cell lysis with an ice-cold buffer (Tris-HCl 20 m M , NaCl 150 m M , EDTA 5.0 m M , Niaproof 1.5%, Na 3 VO 4 1.0 m M , SDS 0.1% and PMSF 0.5 m M ), with protease inhibitors added (Complete Protease Inhibitor Cocktail, Roche Diagnostics, Mannheim, Germany). Proteins were separated by SDS-PAGE, transferred onto nitrocellulose membranes (Hybond ECL, Amersham, Uppsala, Sweden) and blocked overnight with nonfat milk (5% in Tween-PBS). Membranes were probed with primary polyclonal antibody anti-NOX4 (Santa Cruz Biotechnology, Santa Cruz, Calif., USA). After incubation with proper secondary antibodies, horseradish peroxidase-conjugated (Amersham Biosciences, Uppsala, Sweden) immunoreactive proteins were visualized with chemiluminescence using SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, Ill., USA). GAPDH was used as loading control (Millipore, Billerica, Mass., USA). NOX-4 protein expression was quantified with a densitometric semiquantitative analysis using NIH image software and normalized to GAPDH used as the loading control. An equal amount of total protein was used for the determination of HO-1, using a sandwich immunoassay for the detection and quantitation of human HO-1 protein in cell lysates, according to the manufacturer's specifications (Stressgen Bioreagents, Ann Arbor, Mich., USA). After the test, absorbance was measured at 450 nm. The resulting readings were plotted against a standard curve to determine the concentration of HO-1 in each sample (ng/ml). The intra-and interassay coefficients of variation were both <10%.
HO-1 Protein Quantification
Statistical Analysis Data are expressed as means ± SDs and analyzed using the JMP (version 9.0; SAS, Cary, N.C., USA) statistical package running on a Mac Pro (Apple, Cupertino, Calif., USA). Student's t test for unpaired data and linear regression analysis were used. Values at a <5% level (p < 0.05) were considered significant.
Results
EPO and NOX4 Levels in BS/GS and Healthy Subjects
Based on the inhibitory effects of the blocking of AT1R on EPO levels [3] [4] [5] [6] [7] , EPO secretion has been linked to Ang II signaling via AT1R; we examined the level of EPO in the unique cohort of BS/GS patients, a human model of endogenous AT1R antagonism [8] [9] [10] , providing a test for the role of AT1R in the EPO system.
In addition, NOX4 -a member of the NOX family which is involved in oxygen sensing [16, 17] , a process central to controlling EPO levels -produces H 2 O 2 , which does not only react with and thereby destroy NO but also activates eNOS [16] . Thus, we have evaluated the level of NOX4 in BS/GS patients, who show reduced oxidative stress and activation of the NO system [10, 13] . The levels of both EPO and NOX4 in the two groups of patients studied are presented in figure 1 .
The EPO plasma level was increased in BS/GS patients compared to healthy subjects (7.64 ± 2.47 vs. 5.23 ± 1.07 U/l; p = 0.011), whereas the NOX4 protein level did not differ between BS/GS and healthy subjects (1.76 ± 0.61 vs. 1.65 ± 0.54 densitometric units; p = n.s.).
HO-1 in BS/GS Patients and Healthy Subjects, and Analysis of the Relationship of EPO and NOX4 to HO-1
Given that BS/GS patients have been reported with increased expression of HO-1 [10, 14] , which is an effector of NOX4 activity [18] and protects against oxidative stress [15] , we have quantified the HO-1 level and examined the relationship of EPO and NOX4 levels to HO-1.
HO-1 levels were increased in BS/GS patients as compared to those in healthy subjects (9.58 ± 3.07 vs. 5.49 ± 1.04 ng/ml; p = 0.003; fig. 2 ). The levels of EPO and NOX4 were also analyzed with respect to the levels of HO-1 in the same subjects.
As presented in figure 3 , in BS/GS patients, correlation analysis found that NOX4 levels were positively correlated with HO-1 levels (r 2 = 0.643; p < 0.005). In contrast, in BS/GS patients, EPO was not correlated with either NOX4 (r 2 = 0.22; p > 0.1) or HO-1 (r 2 = 0.001; p > 0.9; data not shown). In healthy subjects, no correlation was observed between NOX4 and HO-1.
The absence of a relationship between EPO and NOX4 is consistent with the lack of any difference in NOX4 activity between healthy subjects and BS/GS patients, while EPO levels were different between healthy subjects and BS/GS patients.
Discussion
Evidence for Ang II as a physiologically important regulatory peptide in erythropoiesis has recently been provided [2] . Ang II acts not only directly as an EPO secretagogue but also as a growth factor for erythroid progenitors [2] . A major basis for these conclusions were the reports showing that the effect of Ang II on EPO production was abolished by AT1R blockers [ [3] [4] [5] [6] [7] . In addition, evidence also comes from studies using transgenic mice harboring human renin and angiotensinogen genes, which found that these animals exhibited both erythrocytosis as well as hypertension [6] . Plasma EPO levels and renal EPO mRNA expression in the double-transgenic mice were increased compared with those of the wild-type control, while the elevated plasma EPO levels were attenuated in the compound mice. Thus, based on the data provided by Kim et al. [7] , RAS was held to enhance erythropoiesis mainly through the AT1R-mediated signaling in EPO-producing renal cells. Based on these reports, one would predict that EPO should be reduced in BS/GS, a model of endogenous ATR1 antagonism [8] [9] [10] , if EPO were only regulated via AT1R signaling. Plasma EPO levels in BS/GS patients are instead higher compared to those in healthy subjects. The elevation of EPO in BS/GS patients, in spite of their antagonism of AT1R signaling, provides evidence that AT1R-mediated Ang II signaling is unlikely to be the only mechanism to play a major role in EPO physiology.
The findings in BS/GS patients suggest that alternative mechanisms must be involved in addition to those reported on erythropoiesis upon pharmacological AT1R blockade. One potential mechanism is that elevated EPO in BS/GS patients may reflect the effects of unopposed AT2R signaling when AT1R signaling is blocked [11] . It is well recognized that the gene transcription of EPO is stimulated by hypoxia-inducible factor (HIF)-1α. Ang II stimulates HIF-1α expression by a posttranscriptional mechanism either via direct Ang II crosstalk or via ACE2 products of Ang II on AT2R [19] . ATR2 signaling increases HIF-1 abundance by interfering with its degradation [19] .
Another potential mechanism linked to HIF-1 is the result of the ability of the AT1R blockers to indirectly increase NO levels via effects of unopposed AT2R signaling when AT1R signaling is blocked [11, 20] . This may happen via stimulatory effects on NO production and/ or by reducing oxidant levels and, therefore, avoiding the loss of NO via reactions with oxidants, which then ultimately results in increased NO bioavailability [19, 21] . The increased level of NO slows HIF degradation, allowing HIF-1 to accumulate and translocate to the nucleus, where it induces EPO gene transcriptional activation. Thus, the increase in EPO found in our BS/GS cohort may also be linked to their increased NO production [8, 10] . In addition, Craige et al. [22] have recently found that NO produced by eNOS links NOX4 and angiogenesis. This is of interest, as NOX family enzymes are involved in Ang-II-induced hypertension and blood pressure regulation [23] . Interestingly, NOX4 specifically produces H 2 O 2 , which does not only react with and destroy NO but rather serves, via activation of Akt, to activate eNOS [16] . These effects on NO may be significant, as both EPO and HO-1, effectors of NOX4 activity [18] , share Akt as a common pathway [24] .
The results of this study show that the NOX4 level in BS/GS patients was the same as that in healthy controls. The fact that the NOX4 levels in BS/GS patients were indistinguishable from those in healthy subjects despite the presence of elevated Ang II provides further confirmation of BS/GS patients' endogenous AT1R signaling blockade and suggests that, in humans, elevated Ang II may contribute to the reduction in NOX4 levels. The increased level of HO-1 in BS/GS patients compared with the levels found in healthy subjects might also be related to the increased NOX4 expression found in these patients, as the maintenance/increase in HO-1 expression has been shown to be a downstream effect of NOX4 activity [18] . In this regard, the existence of a relationship between HO-1 and NOX4 is further bolstered by the significant linear correlation found between HO-1 and NOX4 in BS/GS patients.
Finally, the combined presence in BS/GS patients of reduced oxidative stress, blunted AT1R signaling, increased levels of HO-1, upregulation of the NO system, activated AT2R signaling [8] [9] [10] [11] and, as shown in this study, increased NOX4 levels suggests that multiple pathways contribute to the increased EPO level. Ang II acts as proinflammatory mediator [25] via induction of nuclear factor-κB [26] , and inflammation and increased inflammatory cytokines are known to exert a suppressive effect on erythropoiesis [27] . However, despite their high Ang II levels, the inflammatory cytokine levels of BS/GS patients are not different from those in healthy subjects [10] , and, more importantly, levels of IκB, the inhibitory subunit of nuclear factor-κB, are increased [10] .
In conclusion, the results of this study using BS/GS patients, a human model of the endogenous blockade of Ang II signaling via AT1R, which is an opposite image of hypertension, provide additional elements that link vascular tone, RAS and EPO. These results expand our understanding of the role(s) of RAS and Ang II in EPO biology as they indicate that the effect(s) of RAS on EPO levels likely represent(s) a summation of a complex interrelated set of signals
